Abstract Surveillance of Streptococcus pneumoniae serotypes is important for the successful implementation of vaccination strategies to prevent the spread of invasive pneumococcal diseases. The standard method of serotyping of pneumococcal isolates is the phenotypic Neufeld test, which is costand labor-intensive. Recently, matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) has been implemented as a rapid, simple and inexpensive method for identifying species. We evaluated the performance of MALDI-TOF MS for serotyping ten major serotypes of S. pneumoniae in Japan (serotypes 3, 6B, 15A, 15C, 19A, 19 F, 23A, 24 F, 35B and 38) using the Biotyper and ClinProTools. After optimizing the settings, we validated their serotyping performance for serotypes 3, 15A and 19A using a separate set of isolates that were not used in the creation of the classification algorithms. A total of 574 isolates of S. pneumoniae collected from Japanese nationwide surveillance studies were included. Of these, 407 isolates belonged to the ten major serotypes. Biotyper and ClinProTools correctly identified 77.9 % and 84.0 %, respectively, of the ten major serotype isolates. The validation analysis included a total of 113 isolates of the serotypes 3, 15A and 19A isolates. Biotyper and ClinProTools correctly identified 85.0 % and 69.9 % of the validation cohort isolates, respectively. MALDI-TOF MS has the potential to discriminate the ten major S. pneumoniae serotypes prevalent in Japan.
Introduction
Streptococcus pneumoniae is a major human pathogen that causes a variety of diseases, including meningitis, pneumonia, and acute otitis media [1] . Although many countries have recently introduced pneumococcal conjugate vaccines [2] [3] [4] [5] , the incidence of pneumococcal disease caused by non-vaccine serotypes is increasing, primarily due to clones that have acquired another capsular type via multiple genetic recombination events [1, 6, 7] . For this reason, epidemiological serotyping surveillance is extremely important.
The standard method for serotyping pneumococcal isolates is the Neufeld test [8, 9] . However, the antiserum needed for this test is expensive, and the judgment of the test results requires special skills and experience. Recently, matrixassisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) has been implemented for the rapid, accurate and low-cost identification of pathogens including S. pneumoniae [10] [11] [12] . Several reports have described the use of MALDI-TOF MS for bacterial isolate typing [13] [14] [15] . Williamson et al. reported the differentiation of S. pneumoniae conjunctivitis outbreak isolates from nonoutbreak isolates by MALDI-TOF MS [16] . However, this Electronic supplementary material The online version of this article (doi:10.1007/s10096-015-2468-9) contains supplementary material, which is available to authorized users. study did not evaluate the performance of MALDI-TOF MS for the discrimination of each serotype.
The aim of this study was to evaluate the performance of MALDI-TOF MS for serotyping S. pneumoniae.
Material and methods

Bacterial isolates
A total of 574 clinical isolates of S. pneumoniae were investigated. Of these, 438 were collected between January 2012 and December 2013 as part of the Pneumocatch surveillance study, a nationwide pediatric invasive pneumococcal disease surveillance program. One hundred and seven hospitals participated in this surveillance study, which included patients under 15 years of age diagnosed with invasive pneumococcal disease, pneumococcal pneumonia or otitis media. The other 136 isolates were collected by the regional communityacquired pneumococcal pneumonia surveillance program in Japan from patients older than 15 years of age between May 2003 and February 2005 [17] .
Identification and conventional serotyping
All isolates were identified on the basis of optochin sensitivity and multilocus sequence typing (MLST) as previously described [18] . Sequence types were assigned using the online MLST database (http://pubmlst.org/spneumoniae/). C o n v e n t i o n a l s e r o t y p i n g w a s p e r f o r m e d u s i n g pneumococcal Neufeld antisera and the Pneumotest kit (Statens Serum Institut, Copenhagen, Denmark). The kit comprises 14 pooled antisera (A to I and P to T) that are used to identify the serotype or serogroup with the aid of a chessboard.
Sample preparation and MALDI-TOF MS
Bacterial colonies were grown overnight on sheep blood agar and subjected to ethanol-formic acid extraction according to the MALDI Biotyper protocol (Bruker Daltonics GmbH, Bremen, Germany) as described previously [19] . MALDI-TOF MS was performed on a Microflex LT controlled by FlexControl version 3.4 software (Bruker Daltonics GmbH). Mass spectra were acquired by the standard recommended proprietary method utilizing the Biotyper pre-processing standard method and the Biotyper MSP identification standard method. In brief, the laser frequency for ionization was 60 Hz with a 150 ns pulse, the target potential was 20.00 kV, the potential at the second electrode was 18.15 kV, the potential at the subsequence slit was 6.0 kV, and the mass range was 2,000-20,000m/z. For automatic sample collection, a standard Biotyper method (MBT_AutoX) was used, and 240 shots in 40 steps were collected to generate the final spectrum. The system was calibrated every 96 spots by analyzing one spot on the steel target plate loaded with the Bruker Bacterial Test Standard (Bruker Daltonics GmbH).
Identification with the Biotyper
Species were identified using MALDI Biotyper version 3.1 (Bruker Daltonics GmbH) and its standard database (Bruker Taxonomy database version 4.0.0.1 [5627]) without supplementation.
Definitions of major, minor and rare serotypes
According to the manufacturer's instructions, a good average can be achieved by creating a main spectrum (MSP) in Biotyper and calculating the cross-validation, the reliability of a calculated model, in ClinProTools of more than 19 mass spectra. Thus, ten major serotypes with more than 19 isolates (serotypes 3, 6B, 15A, 15C, 19A, 19 F, 23A, 24 F, 35B and 38) were defined. To avoid loss of the performance by creating only one MSP for all of the non-major serotype isolates, we separated non-major serotype isolates into seven minor serotypes with 10-19 isolates (serotypes 6A, 6C, 10A, 11A, 15B, 22 F and 23 F) and one rare serotype group including all serotypes with less than ten isolates (serotypes 1, 4, 6D, 7, 9 N, 9 V, 12 F, 14, 18C, 24B, 33 F, 34 and 37). We evaluated the performance of the MALDI-TOF MS method for the detection of the ten major serotypes using Biotyper and ClinProTools.
Biotyper serotyping
We created MSPs of the serotypes using the MSP Creation Standard Method set to the default parameters. Using all mass spectra representing each serotype, we created ten MSPs for each major serotype, seven MSPs for each minor serotype and one MSP for the rare serotype group. Finally, we added these 18 MSPs to the Biotyper database, and all 574 isolates were re-analyzed using this database. The best-match MSP was considered a serotyping result. When minor or rare serotypes were identified, the identification result was regarded as a serotype other than one of the major serotypes and not the corresponding serotype of the MSP. Replicated spots and multiple measurements per spot were not performed because the characteristic MSPs of the same serotype isolates were used to compare serotype groups and not to detect variations among the isolates.
(i) The initial setting
We created 18 MSPs representing ten major serotypes, seven minor serotypes, and one rare serotype group.
(ii) The best setting
We modified the MSP setting to maximize the system's performance (the sum of its sensitivity and specificity) for the serotyping of the ten major serotypes. When an MSP for a major serotype showed poor sensitivity of less than 70 % in the initial setting, we created a new MSP using an additional affiliate serotype other than the major serotypes. For example, a new MSP of serotype 15BC was created by adding the serotype 15B isolates to the major serotype 15C MSP. This modification was performed only when more than half of the affiliated serotype isolates belonged to the sequence types found in the original serotype isolates. When the number of isolates for the creation of an MSP exceeded 100, we created a new MSP by randomly selecting half of the isolates to avoid loss of serotyping performance caused by using a greater number of isolates. Finally, we adopted the best MSP setting, which had the highest sum of overall sensitivity and specificity.
ClinProTools serotyping
We generated models for the classification of the ten major serotypes using ClinProTools with three available algorithms in our institution (the Genetic Algorithm, the Supervised Neural Network Algorithm and the QuickClassifier Algorithm). The Support Vector Machine Algorithm was not available. To generate a serotype-specific model, all isolates of the serotype were used as the target group, and all other isolates were used as the control group.
To calculate overall performance, all 574 isolates were classified using the ten models; each serotype-specific model classified a mass spectrum of a test isolate as positive or negative for that serotype. When an isolate was classified as more than one serotype, we considered the isolate incorrectly classified. With regard to minor or rare serotype isolates, when an isolate was not classified as any of the ten major serotypes, we considered the isolate correctly classified.
(i) The initial setting
The ten models with the highest sums of recognition capability and cross-validation were selected for the identification of each major serotype. Recognition capability, a measure that describes the performance of a calculated model, is calculated as the relative number of data points correctly classified by the model. Cross-validation is a statistical measure of the reliability of a calculated model.
We modified the ClinProTools settings to maximize recognition capability for each major serotype; we generated a new model targeting the combined serotype group of the major serotype and its affiliated serotypes in the same manner described for the Biotyper best setting. For models with less than 90 % recognition capability for the control group, we adopted the algorithm that had the highest recognition capability for the control group even if it exhibited a lower sum of the recognition capability and the cross-validation.
Validation cohort analysis
A validation cohort included the three serotypes that corresponded to the largest numbers of isolates (serotypes 3, 15A and 19A). Half of these isolates (n=113) were randomly selected (serotype 3, n=30; serotype 15A, n=27; and serotype 19A, n=56) for the validation cohort. The other 461 isolates, including the remaining half of the three dominant serotype isolates, were used in the creation of the Biotyper MSPs and the ClinProTools models for validation analysis. For Biotyper, the optimal settings (for the 18 MSPs in the database) were used to classify the validation cohort isolates. For ClinProTools, we created three models for serotypes 3, 15A and 19A using the same algorithms as determined for the best setting.
Results
Conventional and Biotyper identification
On the basis of optochin sensitivity and multilocus sequence typing, all of the 574 tested isolates were identified as S. pneumoniae. On the basis of MALDI-TOF MS identification, 573 isolates were identified as S. pneumoniae by Biotyper software with a score>2.0 (categorized as probable species identification). One isolate was identified as S. pneumoniae with a score of 1.982 (categorized as probable genus level). The isolates were comprised of 30 serotypes and 17 untypeable isolates, which did not react with any of the 14 pooled antisera (Table 1) . A total of 116 sequence types (STs) was observed. The ten major serotypes, the seven minor serotypes, and the rare serotype group included 407, 106, and 44 isolates, respectively. All 574 isolates were used in the MALDI-TOF MS analysis. Table 2 shows the performance of Biotyper serotyping for the ten major serotypes. The use of the ten MSPs for each major serotype resulted in a mean sensitivity and specificity (an average of the sensitivities and specificities of ten major serotype MSPs) of 67.7 % and 98.8 %, respectively, in the initial setting, and 73.5 % and 98.7 %, respectively, in the best setting.
Biotyper serotyping
The best setting had an overall sensitivity of 77.9 % and a specificity of 75.4 %, when all ten major serotype isolates and the other non-major serotype isolates were considered as the target and control groups, respectively. Table 3 shows the performance of ClinProTools serotyping for the ten major serotypes. The use of the ten models for each major serotype resulted in a mean sensitivity and specificity (an average of the sensitivities and specificities of ten major serotype models) of 90.0 % and 88.8 %, respectively, in the initial setting and 82.4 % and 99.1 %, respectively, in the best setting. The best setting had an overall sensitivity of 84.0 % and specificity of 82.0 % when all ten major serotype isolates and the other non-major serotype isolates were considered as the target and control groups, respectively. Validation cohort analysis Table 4 shows the serotyping performance of Biotyper for the 113 validation cohort isolates. The sensitivities for serotypes 3, 15A and 19A were 96.7 %, 88.9 % and 76.8 %, respectively. The specificities were 100 % each. In total, 85.0 % of the validation cohort isolates were classified correctly. Table 5 and Table S1 show the serotyping performance of ClinProTools for the validation cohort isolates. The sensitivities for serotypes 3, 15A and 19A were 96.7 %, 81.5 % and 50.0 %, respectively, and the specificities were 100 %, 100 % and 96.5 %, respectively. In total, 69.9 % of the validation cohort isolates were classified correctly.
ClinProTools serotyping
Discussion
In this study, we assessed the potential of MALDI-TOF MS for serotyping of S. pneumoniae using isolates obtained in a Japanese nationwide surveillance study. The performance of MALDI-TOF MS for serotyping was evaluated for the ten major serotypes of S. pneumoniae that comprised 70.9 % of our clinical isolates. The detection sensitivities for some major serotypes that were detected with low sensitivity in the initial MSPs or models were improved by optimizing the MSPs or models. In particular, serotype 6B exhibited low sensitivity using either Biotyper or ClinProTools. This low performance may be due to the close relationship among variant subtypes of the serogroup 6 [20] and the small number of isolates used to create the MSP and ClinProTools models. By contrast, MSPs were created using all isolates of a specific serotype. The best-match MSP was considered a serotyping result a In the initial setting, the average of the sensitivities and specificities of the ten MSPs for each major serotype were 67.7 % and 98.8 %, respectively b In the best setting, the average of the sensitivities and specificities of the ten MSPs for each major serotype were 73.5 % and 98.7 %, respectively c The MSP for serotype 15BC was created using all of the 15B and 15C isolates, and all of the serotype 15C isolates were re-identified to evaluate the performance of the MSP. For the serotype 15B isolates, eight out of 13 isolates were correctly identified as serotype 15BC in the best setting d The MSP for serotype 19A in the best MSP setting was created using a random selection of half of the 19A isolates e The MSP for serotype 24BF was created using all of the serotype 24B and 24 F isolates, and all of the serotype 24 F isolates were re-identified to evaluate the performance of the MSP. For the serotype 24B isolates, three out of four isolates were correctly identified as serotype 24BF in the best setting serotype 3 does not contain variant subtypes, and an adequate number of 60 isolates was used. Greater than 95 % sensitivity was achieved using Biotyper and ClinProTools. The results also suggest that creating MSP or ClinProTools models for all Table 3 The performance of models generated by ClinProTools for the detection of ten major serotypes of S. pneumoniae GA genetic algorithm, QC QuickClassifier Algorithm, SNN Supervised Neural Network Algorithm
Of the 407 isolates comprising the ten major serotypes, 134 isolates (32.9 %) were classified correctly in the initial models setting, and 342 isolates (84.0 %) were classified correctly in the best models setting. For the GA, we performed k-nearest neighbor classification using k values of 3, 5 and 7. For the SNN, we adopted 99×100 cycles as the upper limit to allow this algorithm to be used with a large number of mass spectra. For the QC, the default settings were applied a Cross-validation is a statistical measure of the reliability of a calculated model and is expressed as the normalized value of the relative prediction capability b Recognition capability is a measure describing the performance of a calculated model. The measure is calculated for a determined model as the relative number of data points correctly classified by the model and is equal to the sensitivity c In the initial setting, the mean sensitivity and specificity of the ten MSPs for each major serotype were 90.0 % and 88.8 %, respectively d In the best models setting, the models for serotypes 6B, 15BC and 24BF were generated in addition to the initial models for serotypes 3, 15A, 19A, 19 F, 23A, 35B and 38. The mean sensitivity and specificity of the ten MSPs for each major serotype were 82.4 % and 99.1 %, respectively e The model for serotype 15BC was generated using all of the 15B and 15C isolates, and all of the serotype 15C isolates were re-identified to evaluate the performance of the model. For the serotype serotype 15B isolates, seven out of 13 isolates were correctly identified as serotype 15BC in the best setting f The model for serotype 24BF was generated using all of the 24B and 24 F isolates, and all of the serotype 24 F isolates were re-identified to evaluate the performance of the model. For the serotype serotype 24B isolates, two out of four isolates were correctly identified as serotype 24BF in the best setting A validation cohort (n=113) was prepared by randomly selecting half of the isolates of serotypes 3, 15A and 19A. Using the other isolates (n=461), we created MSPs for each of the ten major serotypes, the seven minor serotypes and one rare serotype group according to the best settings shown in [10] and does not detect capsular polysaccharides or related proteins. Therefore, the identification of the serotypes in this study may be caused by the differences in housekeeping proteins associated with the major sequence types in the serotype. Consequently, we should proceed to clarify the performance of MALDI-TOF MS in discriminating the sequence types of S. pneumoniae. Notably, using a reduced number of isolates for MSP creation for serotype 19A improved the performance of the MSP. This finding indicates that using too many isolates to create an MSP may reduce its performance. Clearly, using too few isolates to generate an MSP reduces its performance; therefore, we should determine the appropriate standard number of isolates to be used for MSP creation.
The validation cohort analysis revealed similarly good performance between Biotyper and ClinProTools for the detection of serotypes 3 and 15A compared to the analyses using the same set of isolates for the creation of the classification algorithms and the classification of the isolates, strengthening our findings regarding MALDI-TOF MS-based serotyping. However, lower performances were observed for serotype 19A. These results suggest that the performance of MALDI-TOF MS-based serotyping may depend on the serotypes examined.
Biotyper is standard software used in species identification. Thus, Biotyper serotyping can be performed without any additional procedures after acquiring mass spectra. The data analysis software ClinProTools is used after the acquisition of spectra, and its use requires some additional time. Although no additional running cost is incurred, an initial software cost of €13,300 is required because ClinProTools is not included in the standard package of the MALDI-TOF MS system used in the clinical laboratory. We believe that Biotyper-based serotyping is an easy, simple method, although the use of the ClinProTools-based method could be considered if the laboratory already possesses ClinProTools.
The limitations of this study should be noted. First, not all serotypes of S. pneumoniae were investigated for MALDI-TOF MS performance in this study. However, for the ten major serotypes that are prevalent in Japan, MALDI-TOF MS exhibited promising performance. Using more isolates for all serotype isolates from all regions across the globe would further improve the performance of MALDI-TOF MS. Second, we used the same isolates for the creation of MSPs and for the creation of ClinProTools models, except for the serotypes 3, 15A and 19A, for the evaluation of the performance of the system. To evaluate the performance of MALDI-TOF MS serotyping more accurately, further prospective evaluations of other isolates are needed. Third, in the present study, we did not perform the replicated spots and multiple measurement per spot during the creation of MSPs. Further evaluations using multiple spectra for each isolate may refine the performance of MALDI-TOF MS-based serotyping.
In conclusion, we have demonstrated that MALDI-TOF MS has the potential to discriminate the ten major serotypes of S. pneumoniae that are prevalent in Japan. Further prospective validation studies are needed to evaluate the utility of MALDI-TOF MS-based S. pneumoniae serotyping for effective serotype surveillance to facilitate the development of vaccination strategies.
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